A proline residue was introduced into the N-terminus (Ile140 and Asp141), the middle (Leu147) and the Cterminus (Asp153) of the active site helix of Bacillus stearothermophilus neutral protease for comparing the effects on the thermostability. Introduction of a proline residue into the N-terminus at sites 140 and 141 increased the half-survival temperature (HST) by 7.5 and 2.8°C, respectively, from 68.3°C of the wild-type enzyme. A proline residue at Leu147 decreased the HST by 10.2°C, while no change was observed by introducing a proline residue in the C-terminus. These results were coincidental with the CD data which indicated increases in T m values of 4.4 and 2.3°C for I140P and D141P, respectively. Susceptibility to α-chymotrypsin hydrolysis markedly decreased in mutants I140P and D141P, while increasing in L147P. Molecular modeling suggested that glycine residues on the N-terminus side of proline residues in I140P and D141P relaxed the possible strain caused by proline introduction. The thermostability can, therefore, be explained based on changes in the molecular rigidity.
Introduction
Thermolysin (Bacillus thermoproteolyticus neutral protease) and several related bacterial metalloendo-peptidases form a family in which Zn-and Ca-binding sites are well conserved in their structure (Jiang and Bond, 1992) . X-Ray crystallographic studies were reported for thermolysin (Matthews et al., 1972a; Holmes and Matthews, 1982) and for B.cereus neutral protease (Pauptit et al., 1988; Stark et al., 1992) . For B.stearothermophilus neutral protease, NprM, there is a paper by Kubo et al. (1988) . The tertiary structures of all these neutral proteases are analogous. As expected, computer graphics constructed based on X-ray data are accurate enough to guide the direction of site-directed mutagenesis of other Bacillus neutral proteases .
Bacillus stearothermophilus neutral protease, NprT (an isozyme of NprM), is a typical metalloprotease that belongs to the thermolysin family (Takagi et al., 1985) . This enzyme is composed of 319 amino acid residues and has an α-helix (residues 140-153) that combines N-and C-terminal domains in the active site of the molecule (Imanaka et al., 1986) . The single α-helix chain contains an essential motif for the enzymatic activity, HEXXH (Jiang and Bond, 1992) . The two histidine residues in this active region are zinc ligands and the glutamic acid is a catalytic base. The thermostability of neutral protease was characterized by the fact that autolysis is the main cause of inactivation at high temperatures (Dahlquist et al., 1976; Van den Burg et al., 1990; Eijsink et al., 1991; Hardy et al., 1993) . Thus, local unfolding of protein was regarded as a rate-limiting process of thermal inactivation. Thermostability of NprT was markedly enhanced by a single amino acid substitution that replaced glycine with alanine in the central helix region (Imanaka et al., 1986) . Introduction of a helix-former to replace a helix-breaker at a site may induce structural stabilization of globular proteins (Margarit et al., 1992) .
However, despite the fact that proline is a helix-breaker, introduction of proline residues into α-helices has significantly improved the thermostability of human lysozyme (Herning et al., 1992) . Proline has a unique geometry restricting the conformational freedom of the backbone of polypeptide chains (Branden and Tooze, 1991) . Proline fits well in the first turn of an α-helix and consequently increases the internal hydrophobicity, thus stabilizing the α-helix. This stabilization would intensify the thermostability of proteins (Suzuki et al., 1987) . It was reported that in oligo 1,6-glycosidase, the proline residues in β-turns or in coils within the loop binding adjacent to secondary structure were responsible for their thermostability (Suzuki et al., 1987; Watanabe et al., 1991; Kizaki et al., 1993 , Watanabe et al., 1994 . demonstrated that Pro239 located at the C-terminal end of the α-helix in subtilisin E played an important role in the catalysis and heat stability. Recently, it was observed that the introduction of prolines at carefully selected sites in target proteins was effective in molecular stabilization (Hardy et al., 1993; Ueda et al., 1993; de Prat Gay et al., 1994) .
The objective of our study was to investigate the effects of introducing a single proline residue at three locations in the active site helix on the overall stability of NprT. The locations selected were N-terminal end, C-terminal end and the middle of the active site.
Materials and methods

Materials
All enzymes used for DNA manipulations were from Boehringer Mannheim Canada (Laval, QC) and were used according to the manufacturer's specifications. PCR in vitro mutagenesis kit for site-directed mutagenesis was purchased from PanVera Co. (Madison, WI). DEAE-Sephadex A-25 and DEAESephadex A-50 were the products of Pharmacia Canada (Baie
, α-chymotrypsin and thermolysin were purchased from Sigma (St Louis, MO). All other chemicals were of analytical grade for biochemical use.
Bacterial strains and plasmids
The protease deficient strain Bacillus subtilis ANA-1 (trpC2 leuC7 hsdR hsdM Npr -) was employed as the host for Bacillus plasmids. Escherichia coli JM 109 (recA1 endA1 gyrA96 thi hsdR17 supE44 relA1 ∆(lac-proAB) mcrA F Ј traD36 proA ϩ proB ϩ lacl q lacZ∆M15) purchased from Promega (Madison, WI) was used for the selection of mutated plasmids. It was also used for routine plasmid amplification and as the host for site-directed mutagenesis. The recombinant plasmid pNP22-3, which contained a full-length B.stearothermophilus neutral protease gene (Imanaka et al., 1986) was the courtesy of Dr T. Imanaka, Osaka University, Japan.
Model structure of NprT molecule and energy minimization
The three-dimensional structure of NprT was modeled based on the thermolysin structure (PDB entry: 1LNF), using the program HOMOLOGY of INSIGHT-II (ver. 2.9.5, Biosym/ MSI, San Diego, CA) on an IBM RISC System/6000 workstation. Energy minimization and molecular dynamic simulations of NprT were performed according to the method of Cottrell et al. (1995) . The program used was DISCOVER on INSIGHT-II (ver. 2.9.5 Biosym/MSI, San Diego, CA) on an IBM RISC System/6000 computer. The consistent valence force (DaubeOsguthorpe et al., 1988) was used for force field potentials throughout the calculation. In the initial minimization computation, the steepest descent method was used. The line search direction was defined along the direction of the local downhill gradient -E (x i, y i ) and iterated 4000 times with a maximum derivative of 0.001 kcal/mol. The minimizd models were then used for molecular dynamic simulations based on the Verlet leapfrog algorithm (Verlet, 1967) . The time step used was 1 fs at a temperature of 300 K, and the iteration was 5000. The neighbor list was updated every 50 time step. After the 5 ps simulation, the distances between every α-carbon in the simulated models were calculated from the co-ordinate recorded from the neighbour list.
Site-directed mutagenesis
The structure of the mutagenic primers used for site-directed mutagenesis to replace Ile140, Asp141, Leu147 and Asp153 with Pro were 5Ј-TTT TCC GGA* GGC C*C*T GAC GTC-3Ј (AccIII), 5Ј-TTT TCC GGA* GGC ATT C*C*C GTC-3Ј (AccIII), 5Ј-T GAG C*C*G ACG* CAT GCG GTG AC-3Ј (SphI) and 5Ј-ACG* CAT GCG GTG ACG C*C*T TAT-3Ј (SphI), respectively. Asterisks show the location of mismatches and underlined sequences show the positions of new restriction sites designed to facilitate selection of mutant clones. The corresponding enzymes are shown in parentheses. These primers were synthesized with a DNA synthesizer (Applied Biosystems, Foster, CA, model 380). Site-directed mutagenesis was performed using the PCR technique developed by Ito et al. (1991) . Clones carrying the mutant gene were identified by restriction enzyme analysis and the respective mutations were confirmed using a DNA sequencer (Applied Biosystems, model 373A DNA sequencer).
Purification of extracellular protease
Bacillus subtilis carrying plasmid pNP22-3 was cultivated in 500 ml YPC medium containing 5 µg/ml kanamycin and 5 mM CaCl 2 at 37°C for 24 h. The culture broth was centrifuged at 8000 g for 10 min, and the supernatant was concentrated by using an ultrafilter system with 10 000 mol. wt cut-off (Ultrafilter model 7017-21, Millipore, Bedford, MA). The concentrated extracellular protease was purified using DEAESephadex A-25 and A-50 column chromatography as described by Takagi et al. (1985) after ammonium sulfate salting out (85% saturation) of the supernatant.
Identification of mutant proteins
To confirm the purity of enzymes, SDS-PAGE was conducted according to the method of Laemmli (1970) using 10% acrylamide separating gel and 3% stacking gel containing 1% SDS. Samples were heated at 100°C for 5 min in 20 mM Tris-HCl buffer (pH 8.8) containing 1% SDS and 1% β-mercaptoethanol. Electrophoresis was carried out at a constant current of 10 mA for 5 h using 50 mM Tris-glycine buffer containing 0.1% SDS. After electrophoresis, the gel was stained with 0.025% Coomassie brilliant blue R-250 solution. The N-terminal amino acid sequence was also determined using an Applied Biosystems gas-phase sequencer equipped with an on-line amino acid phenylthiohydantoin analyzer after automated Edman degradation. Proteolytic activity Protease activity was assayed as casein hydrolytic activity (Fujii et al., 1983) . One unit of protease was defined as the quantity required to increase the absorbance at 275 nm equivalent to 1 µg tyrosine per min at 37°C and pH 7.5. Kinetic parameters were also determined at 37°C and pH 7.2 using Z-Gly-Leu-NH 2 as substrate according to Takagi and Imanaka (1989) . Data obtained from triplicate assays were used for calculating the averages and standard deviations. Thermostability Heat inactivation profiles of wild-type and mutant NprT's were monitored by heating at 70°C. A 0.1 mg sample/ml solution in 50 mM Tris-HCl buffer (pH 7.5) containing 5 mM CaCl 2 was incubated in a closed vial to avoid evaporation. After heating, aliquots were removed from the solution, chilled in ice water, and the residual protease activity of the heated solution was assessed at 37°C using casein as substrate as above.
T 50 and ∆T 50 were determined according to the method of Eijsink et al. (1991 Eijsink et al. ( , 1992 . A solution of 0.1 mM enzyme in 50 mM Tris-HCl buffer (pH 7.5) containing 5 mM CaCl 2 was heated for 30 min at the pre-set temperatures. The residual hydrolytic activities determined on casein were expressed as percentage of the initial activity. T 50 is the temperature when 50% of the initial activity have remained after 30 min incubation. ∆T 50 represents the difference in T 50 of the mutants from that of wild-type NprT.
Circular dichroism (CD) analysis was performed to investigate the melting profiles of wild-type and mutant NprT's by monitoring the changes in CD spectrum ellipticity at 222 nm (Yutani et al., 1984) . CD spectra were recorded with a Jasco J-500A Spectropolarimeter (Japan Spectroscopic Co., Tokyo) using a quartz cell with 0.1 cm path length. The protein concentration used was 0.1 mg/ml in a 10 mM citrate buffer (pH 7.5) containing 5 mM CaCl 2 . Prior to the CD measurement, the enzyme samples were inactivated by incubating in 0.3 mM phosphoramidon at 37°C for 10 min to avoid autolysis during heating (Suda et al., 1973) . The sample temperature was ramped from 30 to 90°C at a rate of 1.5°C/min by circulating heated water through the cell holder. Susceptibility to proteolysis Digestion with α-chymotrypsin was carried out according to the method of Akita and Nakai (1990) after slight modification. A 0.1% NprT solution in 50 mM Tris-HCl buffer (pH 7.5) containing 5 mM CaCl 2 was inactivated by incubating at 37°C for 10 min in 3 mM phosphoramidon, and then heated at 70°C for 10 min. After digesting the sample proteins before and after heating to 70°C with 0.1 volume of 0.1% α-chymotrypsin at 37°C for 0, 1, 2, 3, 5, 10, 20 and 40 min, aliquots of the digests were taken. The content of free amino groups in the heated samples was determined by the trinitrobenzenesulfonate method (Hynes et al., 1967) . The release of small peptides and amino acids increased almost linearly with time during the first 5 min. The digestion velocity was calculated as the amount of amino acids or peptides produced per min from the initial slope of hydrolysis.
Results and discussion
Molecular model
The molecular model of NprT was constructed using the known tertiary structure of thermolysin that was highly homologous (85%) with the amino acid sequence of NprT (Imanaka et al., 1986) . As shown in Figure 1 , NprT has two distinct halves, of which the lower part is the N-terminal domain, while the active site cleft is found in the C-terminal domain. To investigate the effect of introducing a proline residue on the stabilization of protein, we chose the central helix (residues 140-153) that covalently connects the upper and lower halves of the molecule. Four mutations, Ile140→Pro (I140P), Asp141→Pro (D141P), Leu147→Pro (L147P) and Asp153→ Pro (D153P), were performed (Figure 1) .
Energy-minimization models of wild-type, I140P, D141P, L147P and D153P showed no significant differences in the overall structure, with less than 0.1 Å root mean square deviations in the main chain trace in spite of Pro introduction. The calculation suggested that the distortion caused by Pro introduction was absorbed by the sequence flanking the mutated site as discussed later in this paper.
Properties of mutants
Wild-type and mutant enzymes were collected from culture media, and the purity was tested by using SDS-PAGE. All mutant enzymes showed single bands with the same migration distance as that of wild-type protein (data not shown). N-terminal amino acid sequences of the mutant enzymes were identical to that of the wild-type enzyme. Amounts of secreted enzymes were also similar to that of wild type being 19 Ϯ 1 Fig. 2 . Thermal inactivation of wild-type and mutant NprT's. Enzymes in 50 mM Tris-HCl buffer (pH 7.5) containing 5 mM CaCl 2 was heated at 70°C in a sealed vial. At pre-set time interval, aliquots were removed and assayed at 37°C for the residual protease activity using casein as a substrate. The residual activity are expressed as percent of the initial activity. d, wild-type; s, I140P; e, D141P; n, L147P; u, D153P. mg/l culture. The proteolytic activities of wild type, I140P, D141P, L147P and D153P were 41 300 Ϯ 700 (100%), 48 500 Ϯ 770 (117%), 51 200 Ϯ 810 (124%), 31 500 Ϯ 830 (76%) and 40 500 Ϯ 650 (98%) U/mg protein, respectively. The results indicate that proline introduction at the central helix region slightly affected the hydrolytic activity. It was assumed that His145, Glu146 and His149 are essential for enzyme function (Jiang and Bond, 1992) . Despite the effort to select mutation sites considered unimportant for enzyme function, the introduction of proline at a position halfway between the N-and C-terminal ends of the helix, i.e. L147P, decreased the enzyme activity.
To investigate the difference in specific activity in detail, K m (mM) and k cat (min -1 ) were measured using a synthetic peptide, Z-Gly-Leu-NH 2 , as substrate. The k cat /K m of wildtype, I140P, D141P, L147P and D153P were 41.3, 41.1, 42,0, 20.7 and 40.9 min -1 mM -1 , respectively. The results indicated that only L147P reduced the catalytic efficiency. Although the K m of L147P was almost the same as that of wild type (35 and 34 mM, respectively), the k cat of the mutant were about half that for wild type (735 and 1405 min -1 , respectively). This may infer that proline introduction at the middle of the helix region has a steric effect affecting the structure-function relationship, thereby decreasing the catalytic velocity without affecting the substrate binding affinity.
Heat stability of protease activity
Heat stability of wild-type and mutant NprT's was measured by monitoring the residual protease activity when the proteins were heated to 70°C (Figure 2 ). The mutant enzymes in which a proline residue was introduced into the N-terminus of the helix region, namely I140P and D141P, were found to be more thermostable than the wild-type enzyme. The mutation at the position Ile140 led to a substantial enhancement of the thermostability, although it is well known that a single substitution with a proline residue does not always improve the thermostability. The mutation at the intermediate site, L147P, was found to produce a fairly thermolabile enzyme (Figure 2) . Eijsink et al. (1991 Eijsink et al. ( , 1992 proposed that the thermostability of proteases could be determined from the half-survival temper- ature (HST), e.g. the temperature that results in a 50% loss of protease activity (T 50 ) during a 30 min incubation period. ∆T 50 is the difference in T 50 of mutant NprT's from that of wildtype enzyme, that is a kinetic parameter. The magnitude of ∆T 50 is thought to be affected by the activation free energies of the unfolding pathway resulting in unfolded conformations that are susceptible to autolysis (Eijsink et al., 1991) . As shown in Table I , the T 50 of wild-type enzyme was 68.3°C and ∆T 50 's of I140P, D141P, L147P and D153P mutants were 7.5, 2.8, -10.2 and 0.5°C, respectively. Therefore, proline mutation in the N-terminal region of the central helix caused enhanced heat stability to the enzyme. It is worth noting that the thermostability of D141P mutant was slightly improved although Asp141 is one of Ca-binding sites and likely to be an important enzyme stabilizing factor (Matthews et al., 1972b) . Bacillus neutral proteases require Ca ion as the most important enzyme stabilising factor (Feder et al., 1971) . Asp141, Asp188, Glu193 and Asp194 are conserved in all neutral proteases belonging to the thermolysin family. Comparison of molecular models of the thermolysin family shows that a Ca-binding site (Glu180) of thermostable proteases from B.thermoproteolyticus and B.stearothermophilus is deleted in the thermolabile proteases from B.subtilis and B.amyloliquefaciens (Imanaka et al., 1986) . To investigate the significance of Asp141, we prepared an additional mutant D141N in which the aspartic acid residue was substituted with an asparagine residue. The HST of D141N decreased by 3.5°C. This mutation suggests that the removal of the Asp side chain at 141 destabilizes the enzymes. This may be because of the removal of a calcium binding ligand or of a negative charge at the N-terminus that stabilizes the helix dipole. Substitution studies on T4 lysozyme have shown that the introduction of negative charge to the N-terminus of an α-helix is one of the most effective ways to increase the protein stability (Matthews, 1993) . However, the D141P should be more stabilizing by compensating the destabilizing effect of removing the Asp side chain. Introduction of proline to the C-terminus of the helix (D153P) did not affect the heat stability of the enzyme (Table I) . On the contrary, the substitution of leucine by proline at the middle (L147P) reduced the heat stability. This result suggests that the backbone torsion angles of the replaced residues are critical for helix formation. Behind the helix and across the waist of the molecule, the upper and lower helices make a number of hydrophobic contacts (Matthews et al., 1972a) . These contacts may cause an undesirable strain in the Fig. 3 . Thermal denaturation curves of wild-type and mutant NprT's. Wildtype and mutant enzymes (0.01%) were inactivated in 0.3 mM phosphoramidon at 37°C for 10 min, then the thermal denaturation curves were obtained by monitoring the change in CD values at 222 nm at pH 7.5. d, wild-type; e, I140P; n, D141P; s, L147P; u, D153P.
folded state of the protein when a proline residue is introduced into the middle of the helix. As a result, the introduction of a proline residue into the N-terminus alone (I140P and D141P) was effective in improving thermostability of NprT.
It is recognized that proline has a propensity for occurring not only at the second sites of β-turns, but also at the N-caps of α-helices and in coils in proteins. Richardson and Richardson (1988) reported that proline residue could play an important role in α-helix as an initiation factor of the secondary structure.
Heat stability measured by CD Thermostability of proteins can be quantified by determining the shift in thermodynamic melting temperature. This approach may not be appropriate to determine the thermostability of proteases since autolysis may occur during exposure to increasing temperatures (Dahlquist et al., 1976; Wells and Powers, 1986; Van den Burg et al., 1990) . However, in the presence of a protease inhibitor, the thermostability could be used as an index to assess protein denaturation and unfolding. Phosphoramidon isolated from culture filtrates of Streptomyces tanashiensis is a potent inhibitor for metalloendoproteases (Suda et al., 1973) . This inhibitor was used to prevent autolysis of NprT in this study. Figure 3 shows the thermal denaturation curves of wildtype and mutant NprT's in the presence of phosphoramidon. The extent of denaturation was determined by measuring the change in ellipticity at 222 nm of CD spectra. The CD value at 222 nm is characteristic to an ordered protein structure (Yutani et al., 1984) . The thermal denaturation curve of each enzyme was irreversible. Major thermal transitions were observed in all enzymes between 50 and 80°C as evidenced by a dramatic drop in ellipticity. The midpoints of the transition (T m ) of wild type, I140P, D141P, L147P and D153P were 69.1, 73.5, 71.4, 63.1 and 69.0°C, respectively, which were close to their T 50 values (Table I) . The values for ∆T m reported in Table I indicate that the introduction of proline in the Nterminus has enhanced heat stability. Although ∆T m 's of I140P and L147P are 4.4 and -6.0°C that are smaller in size than ∆T 50 's of 7.5 and -10.2°C, the general trends in the two thermostabilities are similar.
Susceptibility to proteolysis
The susceptibility of mutant NprT's to α-chymotrypsin action is shown in Table II . The high initial rate of hydrolysis obtained for L147P suggests that this mutation causes greater conformational changes in the folded structure than wild-type protein, as a result of the proline introduction. Meanwhile, NprT's mutation at the N-terminus in the central α-helix, i.e. I140P and D141P, resulted in reduced protease susceptibility. The relative initial rates of I140P and D141P did not appreciably change after heating at 70°C for 10 min with nonsignificant (P Ͼ 0.05) increases of 0.04 and 0.21, respectively. Whereas L147P, wild-type and D153P were significantly 1.05 Ϯ 0.14 2.03 Ϯ 0.11 *Sample protein (0.1%) was first inactivated in 3 mM phosphoramidon, and then digested with 1/10 volume of 0.1% α-chymotrypsin before and after heat treatment at 70°C for 10 min (see Materials and methods for experimental details). ** Values relative to the unheated, wild-type NprT are the mean Ϯ S.D from triplicate assays. 6 -60.2 -67.6 -69.6 -60.5 -55.2 -58.2 -68.5 -79.6 -70.3 -57.8 -73.8 -61.1 -55.4 -74.2 -72.7 psi 51.8 129.7 -53.1 -27.2 -46.1 -49.1 -42.3 -55.2 -38.4 -11.1 -32.3 -14.5 -56.9 -56.1 -42.8 -34.1 -36.3 I140P phi -77.9 177.7 -67.7 -69.2 -71.6 -60.7 -55.5 -58.3 -68.3 -79.8 -70.4 -57.8 -73.9 -60.9 -55.3 -74.1 -72.7 psi 50.8 135.2 -42.8 -30.0 -46.4 -49.1 -41.4 -55.3 -38.5 -11.1 -32.1 -14.3 -57.1 -56.2 -42.7 -34.2 -36.4 D141P phi -77.5 173.4 -57.4 -67.8 -69.1 -61.0 -55.6 -58.1 -69.0 -79.6 -70.3 -57.8 -73.7 -60.9 -55.1 -74.2 -72.7 psi 51.5 126.8 -47.4 -30.7 -45.6 -48.9 -44.4 -54.6 -37.9 -11.7 -32.5 -14.5 -57.0 -56.5 -42.8 -34.1 -36.4 L147P phi -79.8 173.9 -61.1 -67.1 -67.8 -70.6 -79.4 -54.7 -68.5 -74.3 -69.9 -59.8 -77.5 -59.1 -55.2 -74.7 -72.5 psi 52.2 131.0 -52.3 -28.3 -46.7 -13.7 -46.0 -51.6 -47.7 -4.6 -33.2 -11.7 -57.8 -56.5 -42.5 -34.3 -36.4 D153P phi -77.3 173.3 -60.3 -67.7 -70.0 -60.9 -55.6 -58.5 -69.3 -83.0 -69.7 -59.5 -83.8 -60.4 -55.4 -67.2 -70.3 psi 51.9 129.9 -53.1 -26.9 -45.8 -48.8 -41.8 -54.7 -35.8 -10.5 -33.5 -3.5 -54.9 -52.2 -53.1 -29.5 -34.2 Difference from WT I140P phi -0. Imoto et al. (1976) described that the degree of denaturation in the native-denatured transition of protein molecules could be detected by protease action on the proteins. The structural changes in protein due to altering the backbone of polypeptide chains, which is difficult to monitor by other physical methods, can be assessed by using protease susceptibility (Kato et al., 1985 (Kato et al., , 1992 Ueno and Harrington, 1984; Akita and Nakai, 1990) . CD studies showed that there was no detectable change in the secondary structure upon mutation (data not shown). Therefore, the conformational changes detected by the protease susceptibility suggest triggering changes in the tertiary structure, thereby causing a tighter internal packing as a result of the N-terminal substitution. Changes in molecular structure caused by mutation More thermostable mutants, I140P and D141P, have a Gly138-Gly139 sequence preceding the mutated sites of NprT (Table III) . On the contrary, Pro17 in the glycine-rich region of adenylate kinase was replaced by glycine or valine by sitedirected mutagenesis (Tagaya et al., 1989) . Both mutants were less resistant than the wild type against inactivation at elevated temperatures or by treatment with trypsin. Their results are a mirror image of our results, thus indirectly supporting our data. They have stated that the replacement of Pro17 by glycine would make the turn loose, therefore, it is conceivable that the rigid turn is important for the binding of the substrate nucleotides. This contention may suggest the rigidifying of core packing as a result of Pro introduction into NprT. However, the change in apparent K m values as they reported was not observed in our study. Ueda et al. (1993) indicated that replacing proline with a glycine residue in the N-terminal side of lysozyme greatly reduced the possible strain caused by the proline residue. The midpoint of guanidine denaturation was 3.62, 3.95, 2.77 and 3.58 M for wild type (Asp101-Gly102), Gly101-Pro102, Pro101-Gly102 and Asp101-Pro102, respectively. It is interesting to find that the location of glycine versus proline resulted in opposite effects on the molecular stability. An increase of 0.33 M and decrease of 0.85 M were observed for Gly101-Pro102 and Pro101-Gly102, respectively. They concluded that when the energy level in the unfolded state of wild-type lysozyme was fixed at a standard level, the energy levels in the folded state of Asp101-Pro102 and Pro101-Gly102 lysozymes were higher than those of wild type and Gly101-Pro102 on the basis of free energy change for unfolding and entropy losses. These two reports of Tagaya et al. (1989) and Ueda et al. (1993) both suggest that the preceding glycine residues could be effective in increasing the protein stability in I140P and D141P mutants as shown in this study.
The dihedral angles of mutants and their preceding glycine residues were compared with those of wild-type enzyme from the results of energy-minimized models (Table III) . All angle values are near (-60°, -60°) at the right-handed α-helix position on the phi-psi map, except Gly (Schulz and Schirmer, 1979) . Calculation of the differences from wild type (lower half of Table III) showed that the dihedral angles at Gly139 and Pro140 of the I140P mutant and at Pro141 of the D141P mutant suggested the absorption of the putative distortion due to Pro introduction. While these two mutants showed relatively small distortion (less than 11°) from the proline introduction, L147P and D153P mutants spread distortion on the α-helix. The differences of 10-35°are shown at the sites 143-147 and 149-153 in the case of L147P and D153P, respectively. The rather dramatic change within HEXXH at sites 145-149 would be a cause of decrease in the proteolytic activity and thermostability of L147P. Similar to the introduction of proline at Thr63 of B.stearothermophilus neutral protease (Hardy et al., 1993) , Leu147 may also be unfavorable for introducing proline. The pucker resulted from the L147P (Table III) may have affected the helix coil stability. Importance of the helix coil stability in the thermostability of proteins was reported by Warren and Petsko (1995) . The structural effects of Pro introduction were less intense and extensive at sites 139-140 and 140-141 of I140P and D141P than at sites 143-147 and 149-153 of L147P and D153P, respectively. Furthermore, the differences in phi angles of Pro140 (-7.5) and Pro141 (-0.2) have different signs from those of Pro147 (5.3) and Pro153 (6.9). Tagaya et al. (1989) stated that since the variation of dihedral angle (phi) of a prolyl residue is highly limited due to its pyrolidine ring, this residue facilitates the turn structure of a loop and might contribute to the stability of whole protein. These differences as shown in Table III may explain the thermal stability and chymotrypsin susceptibility of I140P and D141P mutants different from those properties of wild-type enzymes as well as L147P and D153P. However, the true mechanism of this functional alteration upon mutations needs to wait for more accurate study on the three dimensional structures of these mutants. Vieille and Zeikus (1996) discussed on the reduction of entropy of unfolding in their review article on thermozymes. They stated that proline residue, in general, reduces the entropy of unfolding, thereby stabilizing the molecular structure. However, unlike I140P of NprT in this study, I3P mutation of T4 lysozyme that was the same Ile→Pro replacement destabilized the protein. They concluded that mutations appeared to alter 1268 protein stability by affecting the free energy of the native state by affecting the density and rigidity of core packing than by affecting the energy of the unfolded state.
It is, therefore, likely that changes in the density and rigidity of core packing are playing an important role in the stability of NprT as Vieille and Zeikus (1996) have postulated. The preceding glycine residues at the site where proline is introduced may be crucial in maintaining the high stability to protein molecules in corroboration with the findings made by Tagaya et al. (1989) and Ueda et al. (1993) . Importance of the bulkiness of amino acid residues at N-terminus of the active α-helix region of NprT in its thermostability was also found by random mutagenesis by oligonucleotide synthesis in our laboratory and will be published elsewhere (Nakai et al., 1997) .
